Background: Urothelial bladder is the reservoir of urine and the urothelium minimizes the exchange of urine constituents with this tissue. Our aim was to test 1.9 nm biocompatible gold nanoparticles as a novel marker of internalization into the urothelial cells under physiological conditions in vivo. Methods: We compared normal and neoplastic mice urothelium. Neoplastic lesions were induced by 0.05% N-butyl-N-(4-hydroxybutyl)nitrosamine (BBN) in drinking water for 10 weeks. Nanoparticles, intravenously injected into normal and BBN-treated mice, were filtered through the kidneys and became constituents of the urine within 90 minutes after injection. Results: Gold nanoparticles were densely accumulated in the urine, while their internalization into urothelial cells depended on the cell differentiation stage. In the terminally differentiated superficial urothelial cells of normal animals, nanoparticles were occasionally found in the endosomes, but not in the fusiform vesicles. Regions of exfoliated cells were occasionally found in the normal urothelium. Superficial urothelial cells located next to exfoliated regions contained gold nanoparticles in the endosomes and in the cytosol beneath the apical plasma membrane. The urothelium of BBN-treated animals developed flat hyperplasia with moderate dysplasia. The superficial cells of BBN-treated animals were partially differentiated as demonstrated by the lack of fusiform vesicles. These cells contained the gold nanoparticles distributed in the endosomes and throughout their cytosol. Conclusion: Gold nanoparticles are a valuable marker to study urine internalization into urothelial cells in vivo. Moreover, they can be used as a sensitive marker of differentiation and functionality of urothelial cells.
Introduction
Urine is composed of numerous harmful metabolites, which are stored for prolonged time in the urinary bladder. 1 For that, the primary function of urinary bladder is to prevent internalization of metabolites from bladder lumen into the underlying tissues and blood. 2 This blood-urine permeability barrier has to remain functional during the stretching-contraction of the urinary bladder. 3, 4 The permeability barrier is formed by the apical plasma membrane of superficial urothelial cells, tight junctions, and inhibited endocytosis. 4 The apical plasma membrane of normal superficial urothelial cells is characterized by the formation of urothelial plaques, which are detergent-resistant membrane domains made of ordered transmembrane proteins known as uroplakins. [5] [6] [7] [8] [9] [10] [11] Urothelial plaques cover 70%-90% of the apical plasma membrane, where they contribute to the transcellular permeability barrier for ie, urea, water, ammonia or small non-electrolytes, 2,12 but do not prevent CO 2 transport through the urothelium. 13 In the urothelium, where superficial cells do not reach their terminal differentiation, as is the case during urothelial carcinogenesis, [14] [15] [16] [17] the permeability barrier function is decreased. 4, 18 Urothelial plaques also cover cytoplasmic fusiform vesicles (FVs), which are implicated in the transport and incorporation of the urothelial plaques into the apical plasma membrane. 3, 4, 19 Nevertheless, involvement of FVs in the endocytosis of urothelial plaques from the apical plasma membrane is controversially discussed. 3, 4, 19 If FVs are involved in the endocytosis from the luminal side of the bladder, they would inevitably capture some urine despite their flattened shape. 20, 21 Therefore, demonstrating whether FVs are involved or not in the internalization of urine constituents would enhance our understanding of the permeability barrier function of the urothelium.
A physiological approach to study the internalization of urine would be the introduction of nanoparticles as urine constituents. Nanoparticles are small enough to be filtered through the kidneys and are accumulated in the bladder lumen, they are biologically inert, and they do not influence endocytotic processes. 22, 23 In this study, we tested 1.9 nm ultra-small gold nanoparticles (AuNPs), covered by a highly water soluble organic shell, as markers for studying endocytosis in normal and neoplastic urothelium under in vivo conditions. Using light and electron microscopy, we show that intravenously injected AuNPs reach the urinary bladder and act as physiological constituents of urine. Moreover, internalization of AuNPs into urothelial cells is dependent on their differentiation stage.
Material and methods

Animals and treatment
Experiments were approved by the Veterinary Administration of the Slovenian Ministry of Agriculture and Forestry (permit no 34401-29/2007/3) in compliance with the Animal Health Protection Act and the Instructions for Granting Permits for Animal Experimentation for Scientific Purposes. Adult male mice, strain A/J Ola Hsd, were housed in plastic cages at 23°C ± 2°C, at 50%-60% relative humidity and at 12-hour light/dark circadian cycle.
Ten animals were divided into three groups by simple random sampling: two animals were fed normal diet and were not injected with AuNPs, but were injected with a 0.9% NaCl physiological solution (control animals), four animals were fed normal diet and were then injected with AuNPs (AuNPs-N animals), and four animals were N-butyl-N-(4-hydroxybutyl)nitrosamine (BBN) treated and were then injected with AuNPs (AuNPs-BBN animals).
BBN (Tokyo Chemical Industry Co, Ltd, Tokyo, Japan) was diluted to 0.05% with tap water and this mixture was provided as drinking water (ad libitum) to AuNPs-BBN animals for 10 weeks. Control and AuNPs-N animals had tap water available ad libitum. Basal diet was available ad libitum.
On the day of experiment, animals were anesthetized with 2% Chanazine (Chanelle Pharmaceuticals Manufacturing Ltd, Loughrea, Ireland; 5 µL/100 g body weight) and 10% Bioketan (Vetoquinol Biowet, Gorzów, Poland; 10 µL/100 g body weight). Once sedated, AuNPs-N and AuNPs-BBN animals were injected with 200 µL of the AuNPs solution into the tail vein. The AuNPs solution was prepared as follows: forty milligrams of 1.9 nm AuroVist gold nanoparticles (Nanoprobes, Yaphank, NY, USA) were diluted in 400 µL of physiologic solution according to manufacturer recommended protocol to obtain the final concentration of approximately 1.4 g Au/kg body mass. The color of AuNPs solution was black. The animals from the control group were injected with 200 µL of physiologic solution into the tail vein. All animals were killed with CO 2 inhalation 90 minutes after injection. The urinary bladders were exposed with abdominal incision and fixed with 4% paraformaldehyde in phosphate saline buffer without potassium (PBS-K + ) for 3 minutes, applied from the serosa side in situ. Next bladders were removed from the animals and dissected into multiple pieces in the same fixative. Samples from each of the bladders were further processed for light, transmission (TEM), and scanning (SEM) electron microscopy.
Urine
Urine was collected; a 5 µL drop of urine was put on gold electron microscopy grids, dried, and either directly observed or processed for AuNPs intensification. HQ silver enhancement (nanoprobes) and gold enhanced (nanoprobes) were used to enlarge gold nanoparticles. Both silver and gold enhanced solutions were prepared and used according to manufacturer recommended protocols with enhancement times of 4 and 5 minutes, respectively. Grids were observed under TEM CM100 (Philips, Amsterdam, the Netherlands).
Histology
The urinary bladder samples were fixed in 4% paraformaldehyde in PBS (−K + ) at 4°C overnight, dehydrated, and embedded submit your manuscript | www.dovepress.com Dovepress Dovepress in paraffin. Paraffin blocks were cut into serial sections and counterstained with hematoxylin and eosin and examined by a uropathologist. Histological urothelial changes of AuNPs-BBN animals were classified according to World Health Organization (WHO) classification of tumors of the urinary tract. 24 
Ultrastructure and internalization of AuNPs
The urinary bladder samples were fixed in 4% paraformaldehyde in PBS (−K + ) at room temperature for a total of 45 minutes. After fixation, the samples were washed in PBS (−K + ), then in deionized water, and finally in the citrate buffer. The samples were then incubated in the HQ silver enhancement solution (nanoprobes) and prepared according to manufacturer protocol in the dark for 5.5 minutes. After washing in deionized water, the samples were post-fixed in 0.2% OsO 4 for 75 minutes, washed in 0.1 M cacodylate buffer, dehydrated in graded ethanol, and embedded in Epon. Semi-thin sections (thickness 1 µm), were stained with 1% toluidine and examined with an Eclipse TE300 inverted microscope (Nikon, Tokyo, Japan). From the regions of interest, the ultrathin sections (50 nm) were cut and counterstained with lead citrate and uranyl acetate. Next, they were examined with a CM100 TEM (Philips) running at 80 kV.
The urinary bladder samples from AuNPs-BBN animals were also prepared using the modified Tokuyasu method. 25 Briefly, urothelium, cut into ,1 mm 3 pieces, was fixed in 4% paraformaldehyde in PBS (−K + ) at room temperature for 2 hours, washed in PBS (−K + ), embedded into 12% gelatine, and cryoprotected by incubation in 2.3 M saharose at 4°C overnight. Samples were then stored in liquid nitrogen. Subsequently, 300 nm thick cryosections were cut with FCS cryo-ultramicrotome (Leica Microsystems, Wetzlar, Germany) at −100°C and collected on glass cover slips. Nanoparticles in cryo-sections were silver enhanced with the HQ silver enhancement solution (nanoprobes) in the dark for 6 minutes, washed in deionized water, and counterstained with toluidine and examined with an Eclipse TE300 inverted microscope (Nikon). From the regions of interest the cryo-ultrathin sections (50 nm) were cut and counterstained with uranil acetate-methyl cellulose mixture.
Energy dispersive X-ray spectroscopy (EDXS) analysis was performed using a transmission electron microscope 2100 (Jeol, Tokyo, Japan) equipped with an EDX system EX-23003BU (Jeol). The TEM was operated at 200 kV.
Apical surface
The urinary bladder samples were fixed in 4% paraformaldehyde plus 2% glutaraldehyde in 0.1 M cacodylate buffer at 4°C for 3 hours, washed overnight in cacodylate buffer, dehydrated in a series of ethanol, and critical-point dried (CPD030 Baltec, Balzers, Liechtenstein). After sputter-coating with gold (Balzers Union SCD040, Balzers, Liechtenstein), samples were examined with a JSM840A scanning electron microscope (Jeol) at 15 kV.
Cell viability
The cultures of normal porcine urothelial cells (5th passage) were established on 12-well culture inserts with 0.4 µm porous membranes (BD Falcon, San Jose, CA, USA) and maintained in UroM media as described previously. 26, 27 When cultures reached confluence, they were divided into two groups by simple random sampling: treated cells and control cells. AuroVist AuNPs (nanoprobes), in the same concentration as were injected into experimental animals, were added to the UroM media of treated cells. 
Results
Gold nanoparticles become urine constituents and accumulate in the urinary bladder
All animals survived the injection of AuNPs or physiologic solution into the tail vein and fully recovered after anesthesia. AuNPs were filtered through the kidneys and reached the urinary bladder after 90 minutes, which was evaluated both macro-and microscopically (Figure 1) . Macroscopically, lumen of the urinary bladders turned black in the AuNPs-N ( Figure 1A and B) and AuNPs-BBN animals, while in the control animals they remained translucent. The presence of AuNPs was confirmed in the urine ( Figure 1C ) by TEM (Figure 1D) . The concentration of AuNPs in the urine was high ( Figure 1D ), so that it was not a limiting factor for detection. To make AuNPs easily detected by TEM, we tested if they were suitable for silver or gold enhancement. The results showed that the gold core of nanoparticles can be enlarged by both methods (Figure 1E and F) . Gold enhancement provided a more uniform size of enlarged nanoparticles than silver submit your manuscript | www.dovepress.com Dovepress Dovepress enhancement, but on the other hand, many particles remained unenhanced. Therefore, silver enhancement was used in further experiments. Under light microscopy (LM), the reaction product of silver enhancement was brown. To prove that the silver enhancement reaction specifically enlarges AuNPs in the tissue, ultrathin-sections of the urothelium were analyzed by EDXS. Results have confirmed that nanoparticles seen as accumulation of electron-dense material in TEM contained elementary gold ( Figure 1G ). Analysis of a large number of the individual nanoparticles always showed co-localization of Ag (silver) and Au, whereas in areas of the samples without the nanoparticles, Au could not be detected.
Gold nanoparticles are not toxic for urothelial cells
To verify the low toxicity of AuNPs, they were added to the medium of urothelial cell culture at the same concentration as the AuNPs-N and AuNPs-BBN in experimental animals. After 90 minutes, the viability of control cells was 90.3% ± 12%, while the treated cells had a viability of 78.2% ± 5%; the difference was statistically significant, P , 0.001.
Internalization of gold nanoparticles is minimal in terminally differentiated urothelial cells
To test if AuNPs are internalized by the superficial urothelial cells, we analyzed urinary bladder samples under light and electron microscopes. Under LM, the urothelia of control and AuNPs-N animals consisted of three cell layers: small basal, intermediate, and large superficial cells (Figure 2A ). Brown-labeled product of silver enhancement was not seen in any layer of the urothelial or in the blood vessels of the urinary bladder wall (Figure 2A) . Under electron microscopes, the superficial urothelial cells of control and AuNPs-N animals were observed as large, homogenous, and polygonal shaped ( Figure 2B ), and contained numerous FVs in their cytoplasm ( Figure 2C ). In the AuNPs-N animals, AuNPs were not detected in approximately three out of four superficial cells ( Figure 2C ). In one fourth of the superficial urothelial cells, AuNPs were observed in membrane compartments with 300-1200 nm diameter, which were presumably endosomes ( Figure 2D and E). FVs and other cellular compartments did not contain nanoparticles. Epithelial intracellular spaces, lamina propria, blood vessels, and bladder muscles were also unlabeled ( Figure 2F ).
Gold nanoparticles penetrate urothelial cells bordering exfoliated regions
Occasionally, the regions of exfoliated urothelium were observed in semi-thin sections of the normal urothelium of control and AuNPs-N animals. These regions were limited to one or a few superficial cells ( Figure 3A ). In the AuNPs-N animals, regions of exfoliated urothelium were surrounded by apically labeled cells ( Figure 3A and B). Labeling was seen only in the superficial cell layer and was present in an all-or-nothing manner; eg, by observing (B and C) , and 500 nm in (D and E). Abbreviations: AuNPs-N animals, animals that were fed with normal diet and were then injected with AuNPs; AuNPs, ultra-small gold nanoparticles; FVs, fusiform vesicles; IUC, labeled urothelial cells; nUC, non-labeled urothelial cells; LM, light microscopy; SEM, scanning electron microscopy; TEM, transmission electron microscopy.
submit your manuscript | www.dovepress.com Dovepress Dovepress two cells, one contained a relatively constant amount of brown labeling while the neighboring superficial cell contained no labeling at all ( Figure 3B ). SEM analysis of the apical urothelial surface revealed cells of different sizes; relatively small cells next to exfoliated regions and large polygonal cells further away from these areas ( Figure 3C ). Under TEM, labeled cells showed FVs, which are characteristic of highly differentiated urothelial cells ( Figure 3D and E) . These cells were heavily loaded with AuNPs with the majority of them found in the cytosol ( Figure 3D and E) . The highest concentration of AuNPs was underneath the apical plasma membrane. Membrane compartments, presumably endosomes, also contained AuNPs, but not FVs. AuNPs were detected also in the intracellular spaces between labeled cells. The sharp boundary between labeled and non-labeled cells was seen ( Figure 3E ).
Internalization of gold nanoparticles is increased during urothelial carcinogenesis
In order to follow the internalization of AuNPs into the neoplastic urothelium, we induced urothelial carcinogenesis with 0.05% BBN in drinking water. After 10 weeks of BBN administration, the urothelium of AuNPs-BBN animals developed flat hyperplasia with moderate dysplasia. In these regions, the brown labeling was observed in the majority of superficial cells, in the significant portion of intermediate cells, and in some basal cells ( Figure 4A ). Relatively small superficial cells of dysplastic urothelium were covered with microvilli and ropy ridges ( Figure 4B ) and their apical cytoplasm contained no FVs ( Figure 4C ). These are characteristics of partially differentiated urothelial cells. The labeling was seen in the vesicular compartments, presumably endosomes, as well as in the cytosol ( Figure 4D ). 
Discussion
Great care should be devoted to the choice of endocytotic markers and the method of their application in order to study endocytosis in vivo under physiological conditions. We have selected AuNPs that fulfill three requests: (1) biocompatibility, (2) size, and (3) ability to detect. 1. Biocompatibility of the material. AuNPs have a relatively long history in biological applications and have been confirmed biocompatible by various in vitro and in vivo experiments. 23, [28] [29] [30] [31] [32] In our study, the viability of cultured cells exposed to the highest recommended concentration of AuNPs was lower than of control cultured cells (78.2% ± 5% versus 90.3% ± 12%); however, the survival rate was still acceptable and well above LD 50 (median lethal dose). Moreover, all animals survived the tail vein injection of AuNPs and fully recovered after 90 minutes of anesthesia. Therefore, we consider the use of AuNPs safe. 2. Size of nanoparticles. Based on the standard definition of the American Society for Testing and Materials, nanoparticles are particles with lengths that range from 1 to 100 nm in two or three dimensions. The AuNPs we used, with their gold core 1.9 nm in diameter, are on the smaller side of the nanoparticle definition scale that is a prerequisite for substances to pass the macromolecular filter in the kidney. In our study, intravenously injected AuNPs were detected in the urine, which suggests that AuNPs are filtered in the kidneys and become constituents of the urine under physiological conditions. 3. Ability to detect nanoparticles. Colloidal gold with diameters above 5 nm have sufficient electron density to be visualized in ultrathin sections of biological samples by TEM. AuNPs used in our study can be seen under TEM when directly applied to a TEM grid, but are too small to be easily recognized in the ultrathin sections of the tissues. However, after silver or gold enhancement, [33] [34] [35] [36] nanoparticles are clearly seen. We confirmed specificity of the enhancement reaction by TEM and EDXS analysis and showed that silver enhancement enlarges a higher percentage of nanoparticles than gold enhancement. With the three basic requests fulfilled, the AuNPs can be used as a potential marker to follow internalization into urothelial cells from the luminal side of the urinary bladder under physiological conditions in vivo.
Since there are contradicting results regarding endocytosis in urothelial cells, 3, 19, 37, 38 we used the AuNPs to follow internalization into superficial urothelial cells of normal and neoplastic urothelium.
In the terminally differentiated superficial urothelial cells of normal urothelium, internalization of the AuNPs was minimal, which is in agreement with our previous study on urothelial cells in vitro. 38 Despite the high concentration of nanoparticles in the bladder lumen, only one quarter of cells contained a few labeled endosomes, which shows extremely low dynamics of endocytosis compared to other cell types. 38 Nanoparticles were not found in the FVs, demonstrating that FVs are not involved in the removal of urothelial plaques from the apical plasma membrane. Limited internalization of nanoparticles into terminally differentiated superficial urothelial cells hence supports the idea that internalization of urine and its constituents is minimized, which contributes to the barrier function of the urothelium. 4 In the normal urothelium, terminally differentiated superficial cells have an extremely long life time; 39, 40 however, they are occasionally removed by exfoliation and the exfoliated areas are rapidly resealed. [41] [42] [43] [44] In our study, we observed regions of exfoliated urothelium in control and in AuNPs-N animals, and in either case exfoliated regions were surrounded by differentiated, but smaller urothelial cells. In AuNPs-N animals, these cells contained nanoparticles indicating that what is observed are regenerating cells, which have not yet established a fully functional permeability barrier.
To further explore the functionality of the permeability barrier during alternative differentiation, we applied AuNPs to AuNPs-BBN animals. BBN is widely used in the urothelial carcinogenesis model systems and prevents urothelial cells reaching their terminal differentiation. 45, 46 A consequence of low cellular differentiation is leaky epithelium, 38, 47 which was also observed in our study. The AuNPs were commonly found in the partially differentiated cells of neoplastically transformed urothelium. The increased internalization into superficial cells of dysplastic urothelium in comparison to normal superficial cells reveals the potential that nanoparticles could be used in improved diagnostic and optimized treatment of urinary bladder cancer. 31, [48] [49] [50] [51] However, the increased nanoparticle internalization is not an explicit property of the partially differentiated cells found in the neoplastically transformed urothelium, but is also seen in normal urothelial cells located next to the exfoliated regions of the urothelium. Therefore, the AuNPs above can all be used to follow endocytosis as well as be used as a sensitive marker of differentiation and functionality in urothelial cells.
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Conclusion
Our experiments were intended to determine the physiological conditions for studying internalization in superficial urothelial cells in vivo. We provide evidence that the AuNPs we used are an excellent choice for the given studies, both on normal and in neoplastic urinary bladders. Our results support the hypothesis that endocytosis is very limited in terminally differentiated urothelial cells, while the internalization of urine constituents increases significantly when the urothelial cells are at a lower differentiation stage. The conception of the latter provides solid ground for the developing novel, more effective bladder cancer diagnostic and treatment tools using nanoparticles.
